On the periplasmic side of LacY, two conserved Gly-Gly pairs in helices II and XI (Gly46 and Gly370, respectively) and helices V and VIII (Gly159 and Gly262, respectively) allow close packing of each helix pair in the outward (periplasmic)-closed conformation. Previous studies demonstrate that replacing one Gly residue in each Gly-Gly pair with Trp leads to opening of the periplasmic cavity with abrogation of transport activity, but an increased rate of galactoside binding. To further investigate the role of the Gly-Gly pairs, 11 double-replacement mutants were constructed for each pair at positions 46 (helix II) and 262 (helix VIII). Replacement with Ala or Ser results in decreased but significant transport activity, while replacements with Thr, Val, Leu, Asn, Gln, Tyr, Trp, Glu, or Lys exhibit very little or no transport. Remarkably, however, the double mutants bind galactoside with affinities 10-20-fold higher than that of the pseudo-WT or WT LacY. Moreover, site-directed alkylation of a periplasmic Cys replacement indicates that the periplasmic cavity becomes readily accessible in the double-replacement mutants. Molecular dynamics simulations with the WT and double-Leu mutant in the inward-open/outward-closed conformation provide support for this interpretation.
The lactose permease of Escherichia coli (LacY) is a member of the major facilitator superfamily, the largest family of membrane transport proteins. 1, 2 As a sugar/H + symporter, LacY utilizes the free energy released from downhill movement of H + in response to a H + electrochemical gradient (Δμ̃H+) to catalyze uphill translocation of galactopyranosides against a concentration gradient. Because coupling of sugar and H + translocation is obligatory, in the absence of Δμ̃H+, LacY can utilize the energy released from downhill sugar movement to drive uphill H + transport with the generation of Δμ̃H+, the polarity of which depends on the direction of the sugar gradient. [3] [4] [5] A molecular mechanism for this chemiosmotically driven symporter has been proposed recently. 5 The first X-ray crystal structure of LacY was obtained with the conformationally restricted mutant C154G, 6, 7 followed by structures of wild-type (WT) LacY 8 and a single-Cys LacY mutant with a covalently bound affinity inactivator. 9 Each of these structures exhibits the same inward-open/outward-closed conformation with two pseudosymmetrical six-helix bundles surrounding a large hydrophilic cavity. The cavity is open to the cytoplasmic side only, and the periplasmic side is closed ( Figure 1A ). However, a body of biochemical and biophysical studies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] demonstrates that sugar binding induces reciprocal opening and closing of hydrophilic cavities on the cytoplasmic and periplasmic sides of LacY. Thus, the sugar-and H + -binding sites are alternatively accessible from either side of the membrane (the alternating access model 5, 22 ).
In the inward-open/outward-closed conformation, sealing of the periphery of the periplasmic cavity is due mainly to the proximity between helices II and XI and between helices V and VIII. The presence of two pairs of conserved Gly residues 23, 24 at the periplasmic ends of helices II and XI (Gly46 and Gly370, respectively) and helices V and VIII (Gly159 and Gly262, respectively) facilitates tight packing between these two pairs of helices ( Figure  1A -C). Although Gly is a well-known "helix breaker", when present at a similar level in neighboring transmembrane α-helices, Gly residues may also lead to tighter helix packing or oligomerization. [25] [26] [27] Conversely, replacing Gly residues in Gly-Gly pairs may disrupt interactions between α-helices.
As evidenced by site-directed alkylation and stopped-flow binding measurements, simultaneously replacing a single Gly residue with a bulky Trp residue in both Gly-Gly pairs causes complete loss of transport activity, but an enhanced rate of sugar binding. These findings and the observation that a Cys replacement for Asn245, which is unreactive in WT LacY in the absence of sugar binding, alkylates readily in the double-Trp mutant indicate that the periplasmic cavity is patent. 28 Surprisingly, however, X-ray structures obtained from the G46W/G262W mutant reveal an almost occluded conformation with a bound galactoside molecule, a narrowly open periplasmic pathway, and a sealed cytoplasmic surface. 29, 30 In all likelihood, in the absence of sugar, the periplasmic pathway in the mutant is sufficiently open to allow free access of sugar to the binding site, but when binding occurs and the mutant attempts to undergo the transition into an occluded state, 5, 29 it cannot do so completely because the bulky Trp residues at positions 46 and 262 block complete closure. Thus, the mutant is able to bind sugar and initiate transition into an occluded state, which it cannot complete. Therefore, although the mutant readily binds ligand, it is completely unable to catalyze transport of any type across the membrane.
To investigate further the role of the Gly pairs on the periplasmic side of LacY, 11 mutants were constructed with double replacements at positions 46 and 262. The mutants were assayed for transport activity, sugar affinity, and site-directed alkylation of a single-Cys replacement at position 245. In addition, the WT and a representative example of the mutants (the double-Leu mutant) were subjected to molecular dynamics (MD) simulations. The findings are uniformly consistent with the interpretation that disruption of the Gly-Gly pairs increases the probability of opening the periplasmic cavity.
MATERIALS AND METHODS

Materials
Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, CA). The QuikChange II mutagenesis kit was obtained from Agilent Technologies (Santa Clara, CA).
[D-glucose-14 C-(U)]Lactose was purchased from Moravek Biochemicals (Brea, CA). Tetramethylrhodamine 5-maleimide (TMRM) was purchased from Invitrogen (Carlsbad, CA). p-Nitrophenyl α-D-galactopyranoside (α-NPG) was obtained from Sigma-Aldrich (St. Louis, MO). α-D-Melibiose was obtained from CHEM-IMPEX (Wood Dale, IL), and immobilized monomeric avidin was purchased from Thermo Scientific (Rockford, IL). The penta-His antibody-horseradish peroxidase (HRP) conjugate was obtained from Qiagen (Hilden, Germany). All other materials were reagent grade and obtained from commercial sources.
Lactose Transport
Transport of [ 14 C]lactose was assayed as described previously. 31 Briefly, E. coli T184 [lacI + O + Z − Y − (A) rpsL met − thr − recA hsdM hsdR/F'lacIq O + Z D118 (Y + A + )] cells 32, 33 transformed with plasmid pT7-5 encoding a given LacY mutant were induced for 2 h by addition of 1 mM IPTG. After 2 h, cells were harvested, washed with 100 mM KP i and MgSO 4 (pH 7.0), and adjusted to an optical density of 10 at 420 nm (~0.7 mg of protein/ mL). An aliquot of 50 μL was incubated with [ 14 C]lactose (10 mCi/mmol, final concentration of 0.4 mM) for given times at room temperature. The cells were then rapidly diluted with 3 mL of 100 mM KP i and 10 mM LiCl (pH 5.5), immediately filtered, and washed once with the same solution. Radioactivity was determined by liquid scintillation spectrometry.
TMRM Labeling with Right-Side-Out (RSO) Membrane Vesicles
RSO membrane vesicles containing pseudo-WT or a given LacY mutant were prepared from a 0.5 L culture of E. coli T184 cells as described previously. 34, 35 For each mutant with a single Cys245, 50 μL of RSO membrane vesicles (0.1 mg of total protein) was incubated with 40 μM TMRM in the absence or presence of 2 mM α-NPG at 25 °C for 0, 5 10, 15, and 20 s. Labeling was terminated by addition of 10 mM (final concentration) dithiothreitol (DTT). The membranes were solubilized with 2% n-dodecyl β-D-maltopyranoside (DDM), and LacY was purified by avidin affinity chromatography as described previously. 14 A purified LacY sample from each labeling reaction mixture was subjected to SDS-PAGE. The intensity of labeling and the amount of purified protein on the gel were determined by using an Amersham Typhoon 9410 Workstation and silver staining, respectively. The volumes of the labeled protein bands on the SDS-PAGE gel were quantified with ImageQuant 5.0 (GE Healthcare). 14, 15, 17 Relative labeling was calculated as described previously. 14 with GraFit 6 (Erithacus Software).
Purification of LacY Mutants
E. coli C41(DE3) cells transformed with plasmid pT7-5 encoding a given mutant were grown in 1 L of LB broth with ampicillin (100 mg/L) at 37 °C overnight. The overnight culture was diluted 10-fold in a fermenter and induced with 0.3 mM IPTG at an OD 600 of 0.6. After a 3 h induction, cells were harvested, and the mutants were purified by metal affinity chromatography as described previously. 19 α-NPG Binding α-NPG binding with purified LacY mutants was measured as described previously. 36 An SLM-Aminco 8100 spectrofluorometer was used to record the changes in fluorescence resulting from the displacement of α-NPG by addition of excess melibiose. K D values were also determined as described previously. 36 
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Molecular Dynamics (MD) Simulations
Building the Model Systems-The WT simulations were based on the inward-open/ outward-closed crystal structure of LacY (PDB entry 2V8N). The double-Leu replacements were introduced using the VMD psf plugin. 38 The protein models were inserted by aligning the protein center of mass to a POPE lipid bilayer containing ~500 lipids generated by the CHARMM-GUI membrane builder. 39 The system was subsequently solvated with ~18400 water molecules, and 59 Na + and 67 Cl − ions were added to achieve electric neutrality and a 150 mM salt concentration. The simulation system was relaxed using a 10000-step conjugate-gradient energy minimization followed by gradual heating, from 0 to 310 K over 120 ps. The lipids and water molecules were then allowed to adjust to the restrained protein structure during a 10 ns equilibration step.
Simulations-The molecular dynamics simulations were run with the NAMD 2.9 software package. 40 The CHARMM22, including CMAP correction, and CHARMM36 force fields 41, 42 were used for protein and lipids, respectively, and the TIP3P model was used for the water molecules. 43 A time step of 1 fs was used to integrate the equations of motion, and a reversible multiple-time step algorithm 44 of 4 fs was used for the electrostatic forces and 2 fs for short-range, nonbonded forces. The smooth particle mesh Ewald method 45, 46 was used to calculate electrostatic interactions. The short-range interactions were cut off at 12 Å. All bond lengths involving hydrogen atoms were held fixed using the SHAKE 47 and SETTLE 48 algorithms. A Langevin dynamics scheme was used for thermostating, and Nosé-Hoover-Langevin pistons were used for pressure control. 49, 50 Molecular graphics and simulation analyses were generated with VMD version 1.9.1. 38
RESULTS
Lactose Transport
E. coli T184 transformed with plasmid pT7-5 encoding a given double replacement in a background with a single Cys at position 245 was used to assess the lactose transport activity of each mutant. Replacing Gly46 and Gly262 with Ala or Ser, which have similar masses and volumes, 51 decreases activity to approximately 40 or 30%, respectively, of that of the Gly-Gly pseudo-WT (Figure 2A,B) . However, increasing the mass of the double-Ser replacement by a single methylene group thereby making it into Thr abolishes transport activity, and similar losses of activity are observed with each of the other eight double replacements (Val, Leu, Asn, Gln, Tyr, Trp, Glu, and Lys).
Western blots with an anti-His antibody show that all the double-replacement mutants are expressed at reasonable levels relative to that of pseudo-WT LacY, with the exception of the double-Lys mutant, which is expressed at <10% of that of the pseudo-WT LacY ( Figure  2C ). Although the level of expression of the double-Lys mutant increases significantly in the WT LacY background, no transport activity is observed (data not shown). Expression of the double-Trp mutant has been described previously. 28
α-NPG Binding
As shown previously, 37 binding of α-NPG undergoes Foörster resonance energy transfer (FRET) between Trp151 and the nitrophenyl moiety of α-NPG in the sugar-binding site of LacY. An increase in Trp fluorescence is observed by displacement of bound α-NPG with excess nonfluorescent galactopyranoside in a manner that is dependent on the α-NPG concentration. For each double-replacement mutant, the α-NPG affinity was determined by measuring the increase in Trp fluorescence after displacement of various concentrations of α-NPG by excess melibiose, and a K D was determined as described previously. 36 As shown previously, 28 the double-Trp replacement binds β-D-galactosyl 1-thio-β-Dgalactopyranoside at a rate higher than that of WT LacY. Strikingly, the double-replacement mutants described here exhibit affinities for α-NPG 10-20-fold higher (i.e., lower K D ) than that of the pseudo-WT LacY ( Figure 3A and Table 1 ). Even the double-Lys replacement constructed in the WT background exhibits an affinity 10-fold higher than that of WT LacY ( Figure 3B and Table 1 ). However, no direct correlation is observed between K D and the mass of the replacement, and the same effect is apparent regardless of charge (i.e., the double-Glu mutant exhibits the same 10-fold decrease in K D as observed with the double-Lys mutant).
Site-Directed Alkylation
Asn245 is near the end of helix VII on the periplasmic side of LacY (Figure 1) , and sitedirected alkylation studies with N-ethylmaleimide 10,52 or TMRM 11, 12, 14, 17 demonstrate that the accessibility or activity of a single-Cys replacement at position 245 in an otherwise Cys-less background is very sensitive to conformational change. More specifically, a marked increase in the level of labeling is observed upon binding of sugar. Thus, with pseudo-WT LacY, almost no TMRM labeling is observed during a 20 s incubation in the absence of α-NPG. In contrast, in the presence of the galactoside, labeling of Cys245 is markedly stimulated ( Figure 4A ), and the level increases linearly throughout the time course ( Figure  4B ). Double replacement of Gly46 and Gly262 with Ala, Ser, or Thr increases the level of labeling in the absence of sugar in a manner that appears to correlate with the mass of the side chain, as the stimulatory effect of α-NPG becomes smaller from Ala to Ser to Thr ( Figure 4A,B) . For the remainder of the double-replacement mutants, there is little or no systematic difference observed in the absence or presence of α-NPG. The findings are consistent with the interpretation that simultaneous replacement of Gly46 and Gly262, neighboring positions in helices II and VIII that allow tighter helix packing, with side chains with a mass greater than that of Ser markedly increases the probability of periplasmic cavity opening.
Molecular Dynamics (MD) Simulations
To characterize the underlying molecular details associated with double replacements at positions 46 and 262, simulated molecular dynamics of the WT and double-Leu mutant were contrasted. Simulations starting from the inward-open/outward-closed conformation (PDB entry 2V8N) show significant differences in structural dynamics in the vicinity of both positions 46 and 262 (see arrows in Figure 5A ). When Cα-Cα interatomic distances are tracked in the WT simulation, the helices at positions 46 and 262 remain in the crystallographic positions, while the corresponding helices in the double-Leu mutant simulations undergo extensive structural shifts ( Figure 5B ). Upon visual inspection of snapshots corresponding to the last frames of each simulation, it is clear that the observed differences in Cα-Cα interatomic distances are associated with a significant separation of the II-XI and V-VIII helix pairs ( Figure 5C ). Therefore, the sugar-binding site of the double-Leu mutant structure becomes more accessible from the periplasmic side, which is consistent with the experimental observations.
DISCUSSION
Gly residues play unique structural roles in both soluble and membrane proteins because of the absence of a side chain. Although considered a major helix breaker in soluble proteins, [53] [54] [55] Gly is commonly found in transmembrane α-helices in membrane proteins. 56, 57 In the low-dielectric, hydrophobic environment of the membrane, strong intrahelical hydrogen bonds stabilize transmembrane helices, thereby allowing tolerance to Gly residues, 58 but it has also been shown that Gly residues can facilitate tight helix packing in membrane proteins. 25, 27 For example, an LIxxGVxxGVxxT motif is necessary for dimerization of the single-transmembrane α-helical protein human glycophorin A, 59 and replacing either Gly in the motif eliminates dimerization. 60 Among the 36 Gly residues in LacY, several are highly conserved in the members of the major facilitator super-family. 24, 61 Two pairs of conserved Gly residues on helices II and XI (Gly46 and Gly370, respectively) and helices V and VIII (Gly159 and Gly262, respectively) facilitate tight interaction of each pair of helices to seal the periplasmic side of LacY in the inward-open/outward-closed conformation (Figure 1 ). Replacing one Gly residue in each Gly-Gly pair with a bulky Trp residue inactivates transport and increases the open probability on the periplasmic side, leading to an increase in the rate of α-NPG binding. 28 All double replacements for Gly46 and Gly262 described here reduce transport activity (Figure 2 ), indicating that a tight seal between helices II and XI and helices V and VIII on the periplasmic side is essential for the alternating access mechanism. Progressing from Gly to Ala to Ser to Thr, we find there is a correlation between the mass of the side chain and decreased transport activity, as well as an increased probability of opening the periplasmic cavity ( Figure 4 ). However, no further correlation with mass or charge is observed with the remaining replacements, each of which exhibits little or no transport activity and little or no effect of galactoside binding on the accessibility of the periplasmic cavity. Furthermore, all of the double-replacement mutants bind α-NPG with affinities 10-20-fold higher than that of the pseudo-WT, which is likely caused by increased access to the binding site with an increase in k on (Figure 3 ). It is also notable that the transport data obtained here are in agreement with a previous Cys-scanning study of the Gly residues in LacY, 62 where Ala replacements for the important Gly residues Gly115 and Gly147 exhibit the best transport activity.
The MD simulations are consistent with the experimental findings. The observed differences in Cα-Cα interatomic distances are a direct result of increased patency of the periplasmic cavity in the double-Leu replacement mutant due to greater interhelical separation ( It is interesting to compare these observations to the conformationally restricted mutant C154G, which also has very little transport activity but binds galactoside with a high affinity. 63 Although the X-ray structure of mutant C154G exhibits an inward-open/outwardclosed conformation like WT LacY, 6, 8 site-directed alkylation indicates that the periplasmic cavity in mutant C154G is patent in the absence of sugar. 13, 17 A likely explanation for the lack of transport activity in the C154G mutant is that position 154 in helix V is in direct opposition to Gly24 in helix I where the two helices cross in the middle of the membrane. Therefore, when Cys154 is mutated to Gly, helices I and V become more tightly packed and may prevent a "scissors-like" interhelical movement required for transport. 64 Experimental support for this notion is provided by the finding that replacing Gly24 with Cys effectively rescues transport activity in the C154G mutant. 65 
